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ABSTRACT
Historically, many people dealing with caves and karst have tended to be guarded about
sharing information. They have sought to protect their property, their resources, liability
risk, and special interests by keeping details about karst (especially caves) secret. This
has resulted in inconsistent, localized, and hard-to-access knowledge and data, in highly
generalized large-scale maps of widely varying consistency and quality. Most
importantly, secrecy has resulted in a general lack of understanding about the complexity,
science, and fragile nature of many of these unique settings. Obviously, there are needs
for individual cave locations to be restricted on a need-to-know basis, but the requirement
to accurately characterize areas having potential to develop near-surface karst is
becoming increasingly urgent as humans throughout the world expand their range and
land-use practices that jeopardize rare and irreplaceable karst resources.
Because of the lack of an accessible and comprehensive source of information on the
global distribution of karst habitats and species, an effort to create an international karst
database has been initiated by the University of Arkansas and The Nature Conservancy of
Arkansas (TNC). The comprehensive database of karst distribution and biodiversity has
been designated Karst Regions of the World (KROW).
This compilation will serve as a Geographic Information Systems (GIS) dataset that
includes published and unpublished data on the major aspects of karst and will be used to
create large-scale maps delineating known and potential karst regions of the world.
Delineation of karst areas within the database was based on the most current karst maps
and references united by GIS manipulations. Data within the database includes geologic,
hydrologic, speoleogenetic, biologic and ecologic information, as well as documentation

citations. By combining dissimilar geodata from numerous sources and integrating them
into a single Karst Regions of the World Database (KROWDB), which can be use to
retrieve karst data and perform spatial analyses, a critical tool will be created for future
karst management and conservation efforts. This framework will be available to karst
stakeholders for initiating karst conservation and planning on a global scale and with the
help of scientific community, the archive will be updated as new information is collected.
One of the underlying motives for this project, and the impetus for involvement by The
Nature Conservancy, is to advance the protection of karst species and habitats globally.
Delineation of areas of environmental and ecological sensitivity can be achieved by
blending detailed data described previously with maps of distribution of cave-limited and
endangered and threatened species. The importance of characterizing, conserving, and
protecting the karst areas and the species that live within them cannot be emphasized
strongly enough, given the increasing population density of humans that reside on karst
lands, and the ecosystems that rely on karst environments and karst water to sustain life.
The proposed global karst GIS dataset will help fill this data gap and provide a starting
point for future protection of karst habitats and species, and at the same time, will provide
a valuable interactive set of tools for a broad range of needs for all karst stakeholders.
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INTRODUCTION
For many millennia, and long before written language, caves, bluff shelters, and most
other karst landforms served native peoples of the earth because they provided temporary
shelter from weather and the elements, they served as lairs for animals that were both
predator and prey of early humans, and spiritually and emotionally, these karst features
stood as portals to the underworld, full of unknown danger and shrouded in mythology. .
Scientific understanding regarding karst came late; for the most part, all major
understanding and technological breakthroughs have come during the last 150 years, with
most rigorous, quantitative developments limited to the last 50 years. Disciplines
contributing understanding have been diverse, and varying methods and terminology
have not facilitated cross-discipline communication.
Today, millions of people live in karst settings, threatening the eco-environmental
vulnerable area. Recently, information technology has played an important role in
environmental protection of many types of landforms. Geographic information systems
have become more significant instruments for environmental management and analysis in
scientific research. Undoubtedly, GIS-based research on global karst environments is
worthwhile and representative, but previous research focuses mainly on concentrated
karst areas. This paper focuses on the expanding technology of GIS and the benefits of
establishing a global GIS representation of the karst regions of the world (KROW). The
present work is oriented to explore quantitative assessment methods of karst distribution
analysis and to provide a framework for future integration of karst data. More
importantly, proposed methodology of GIS application and data integration in karst
distribution assessment has common sense and expandability for other study cases.
1

Problem Statement
Maps delineating karst regions of the world (KROW) and databases documenting aspects
of these karst features are rare, highly variable in scale and in accuracy, and poorly
characterized on a worldwide and local basis. Unlike hydrogeologic mapping efforts
(Struckmeier, 2006), which have been undertaken for virtually all countries, countrywide
karst mapping efforts have only been undertaken where karst resources are extremely
valuable, where karst hazards are significant, or where managers and scientists have
unique, long-range visionary plans for these resources. As a result, national,
multinational, continental-scale, or world-scale karst maps are incomplete, highly
variable in accuracy, and generally poor representations of the distribution of KROW.
Considering the fact that karst settings are reported to cover from 12 to 25 percent of the
land surface of the earth (White, 1988; Veni et al., 2001; Ford and Williams, 2007);
including parts of all continents, and a huge range of topographic, physiographic, landuse, and climatic settings, the scant attention paid to lack of worldwide karst mapping
seems inappropriate.
Unfortunately, lack of precise delineation of KROW has restricted the ability of all karst
stakeholders, especially conservationists, to manage resources, plan for development, and
address threats to karst ecosystems. Recognizing the need for such information, the
objective of this thesis are to build an interactive, meaningful karst database, and from
this database, to accurately map KROW. Although The Nature Conservancy has as its
goal to advance the protection of karst species and habitats globally, the products
generated will have application throughout those sub disciplines of our science that
require large-scale mapping, and accurate karst-boundary delineation at country-wide or
2

larger scale. The preliminary effort, described and developed in this thesis, is restricted
to previously completed research and maps.
Brief History of TNC Involvement in Karst
As mentioned previously, TNC is a major contributor and funder of this project and their
interest warrants explanation. The Nature Conservancy has launched a goal to protect
10% of each of the world's major terrestrial habitat types by 2015. Karst is not classified
as a major habitat type by the TNC; yet, karst landscapes occur in at least 26 of 29
countries where TNC works. In 1999, TNC in Arkansas established the Ozark Karst
Program (OKP) with the goal of protecting this ecoregion's rare, endangered, and diverse
karst species. The TNC and the OKP have challenged scientists and researchers to more
thoroughly study subterranean habitats and establish more knowledge of the ecosystems
so that karst could be classified as a major habitat type by the TNC.
The TNC is now developing tools that will help to address karst conservation at a global
scale and prioritize its karst conservation efforts across the globe. A Karst Conservation
Toolbox is being assembled that will be a centralized source of methods for karst science
and conservation practitioners.
In the late 1990’s, TNC formed a Subterranean Biodiversity Workgroup, which
encompasses more than 50 Conservancy programs worldwide, with hundreds of staff and
partners. These scientists have expanded information by collecting known distribution
and status of subterranean animals of the world that will be compiled in a database
format. The ultimate goal of the Subterranean Biodiversity Workgroup of TNC is to rank
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sites around the world by biological importance and degree of threat, and to create
conservation plans to protect these places.
Not only will the creation of a digital database and karst map allow for ranking and
delineation of areas of environmental and ecological sensitivity by blending detailed data
based on hydrology, land use, biodiversity, and distribution of endangered and threatened
species, it will also be essential for developing a GIS karst toolbox.
Purpose and Scope
There are two overarching goals for this thesis. The first goal (objective 1) is to
conceptualize, develop, and initially populate an interactive karst database that will serve
as documentation for the occurrence of known and potential near-surface (within 100
meters) karst areas throughout the world. Objective 1 is referred to as creation of Karst
Regions of the World database.
The second goal (objective 2) is to generate updated and qualified maps of known karst
regions of the world at worldwide and continent scales. Objective 2 is referred to as
creation of Karst Regions of the World maps.
Objective 1 will be based only on existing work from published (see the selected
references and data base on attached CD), and from accessible unpublished sources, data
sets, and maps made available from cooperation with a network of relevant karst
researchers (see table 1) and observation programs.

The multiple source data will be

integrated into a cumulative digital GIS database. Objective 2 will be based on the latest
and most accurate karst maps (for example, Veni et al., 2001; Ford and Williams, 2007;
Weary et al., 2008), coupled with geologic maps (USGS World Energy Assessment
4

Team, 2000), integrating all known maps with refined karst distribution based on GIS
manipulation of the datasets generated in objective 1.
The geographical scope of this thesis is global. The thematic scope of this study is
limited to sites included, or with the potential to be included, in the Karst Regions of the
World database and maps. These sites initially are limited to 1) landscapes that are
formed by the primary action of processes in a shallow karst setting, 2) to karst
landscapes, caves, and other features of outstanding historical and/or scientific relevance,
3) to ecosystems and biologic environments that are known from karst-type settings, and
4) to locations that do not fit any of the previous categories but have universal importance
and a karst connection, in relation to geosciences, speleology, hydrology, biology, or civil
society.
Insofar as the work is based on a compilation of work by previous researchers from
diverse backgrounds and with diverse objectives, a broad range of accuracy (literally five
orders of magnitude) exists on maps used for the database and this thesis. The
interactive components of the maps presented herein allow for assessment of known and
likely levels of accuracy, but it should be cautioned that as a preliminary product, the
intended use of these maps is to focus attention on specific areas and regions. It is not
appropriate to use these map products for construction or engineering projects.
Previous Research
Karst is a true interdisciplinary science, and it encompasses a range of foci as diverse as
geology, geomorphology, hydrogeology, cave mapping, biology, speleology,
anthropology, archeology, geochemistry, stable isotopes, radionuclides, land-use
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assessment, planning, water-resources, geophysics, water-tracing, hazards, geographic
information systems, microbiology and ecology, to name but a few. Coupled with other
interdisciplinary technologies such as geographic information systems (GIS) and digital
data-management techniques, which also touch on wide-ranging disciplines that are
rapidly expanding, the list of relevant references exceeds many thousands of citations.
Specific references to topics essential to this research (several hundred) have been limited
to four general categories, which follow. The interested reader is encouraged to follow
sources discussed herein for additional documentation and references.
Important sources of information on karst features and caves are included in recent karst
encyclopedias by Gunn (2004) and Culver and White (2005) and texts by Ford and
Williams (2007), Palmer (2007) and Salomon (2006).
Karst Concepts
Karst is a general term used worldwide to describe distinctive landforms, hydrology, and
environments that arise from the combination of high-rock solubility and well-developed
subsurface drainage networks on rock types that are readily dissolved by water
(Sweeting, 1981; Jennings, 1985; Yuan, 1991; Klimchouk et al., 2000; Gunn, 2004;
Culver and White, 2005; Ford and Williams, 2007; Palmer, 2007). The word karst means
stony, barren ground and is derived from the Serbo-Croatian word karra/gara, meaning
stone, and the Slovenian word kras (Gams et al., 1973, 1993, 2003; Kranjc et al., 2001).
The terrain is produced by chemical dissolution by variably acidic water on soluble layers
of bedrock, notably carbonate rocks such as limestone, dolomite, or marble, (Bretz, 1942;
Palmer, 1991; Klimchouk et al., 2000; Gunn, 2004; Culver and White, 2005; Ford and
Williams, 2007; Palmer, 2007), and to a lesser extent, evaporites rocks such as gypsum,
6

anhydrite, and halite, (Kozary et al., 1968; Klimchouk et al., 2000; Klimchouk et al.,
2002; Johnson and Neal, 2003). Pseudokarst, forms are similar in morphology to karst
landform but occur by completely different processes, have been documented in
lithologies as diverse as quartz diorite (Jennings, 1971), quartzite (White et al., 1966),
and basalt (Halliday, 1960).
Despite differences in processes of origin, volcanic and dissolutional caves have
environmental similarities that have led to analogous faunas (Peck et al., 1973).
Distinctive physiography and subsurface hydrology are essential components of karst,
although these are not always visually obvious (Quinlan, 1976).
The Dinaric karst region, located on the border of Slovenia and Italy, has come to be
recognized as “classic karst”. Research and mapping of this area have a long, rich
history. This region achieved international scientific importance through the
investigations and publications of Jovan Cvijić (1893, 1901, 1918), and these studies
established him as one of the worldwide founders of modern karst science. Some of his
major contributions related the development of karst landforms to subsurface hydrology
(Das Karstphanomen, 1893).
Karst areas normally are characterized by a general absence of permanent surface streams
and the presence of enclosed depressions, sinking streams, caves, dry valleys, gorges,
natural bridges, and fluted rock outcrops. Waters may reside underground in solutionally
enlarged channels, some of which are big enough to be termed caves. Typically, karst
regions lack rivers and other surface water because water is transported into fissures and
conduits in the rock and then flows as underground streams in caves. Eventually the
waters return to the land surface, often as large springs. As the process of dissolution
7

occurs, rainwater dissolves rock to form voids or caves. Other natural processes
commonly intervene and create landscapes with multiple components, such as
glaciokarst, a karst landscape that was glaciated during the Pleistocene, or fluviokarst, a
karst landform that is superimposed on a former fluvial landscape (Jennings, 1985), etc.
Dissolution is normally dominated by meteoric waters, but can commonly have a
component of thermal waters enriched by CO₂ or H₂S. Caves can also form at the
interface of fresh and salt water along the coast. Important sources of information on the
many features and varieties of karst and caves include encyclopedias by Gunn (2004) and
Culver and White (2005) and texts by Ford and Williams (2007), Palmer (2007) and
Salomon (2006).
It is common for landscapes to develop on quartzites and dense siliceous sandstones. In
thermal waters the solubility of quartzose rocks approaches that of carbonate rocks and so
solutional caves may form, but this is not the case at normal temperatures and pressures.
In some quartzite terrains, caves develop along the flanks of escarpments or gorges where
deep fractures permit the input of water and hydraulic gradients are steep. The
landforms and drainage characteristics of these siliceous rocks is therefore a style of
fluviokarst, i.e., a landscape and subterranean hydrology that develops within the vadose
zone as a consequence of the essential combined effects of dissolution and mechanical
erosion and transport by running water.
Pseudokarst is a landform produced by processes other than dissolution or dissolution
induced subsidence and collapses. A special case is vulcanokarst, which comprise tubular
caves within lava flows. The roofs of such caves often suffer mechanical collapse, which
creates enclosed depressions that divert water underground. An outstanding example of
8

such a landform is the Jeju Volcanic Island and Lava Tubes located in the Republic of
Korea.
Glaciers also have sinking streams, caves, collapse depressions and large springs, but the
karst-like features are produced by melting rather than dissolution, so the landscape is a
glacial pseudokarst. Enclosed collapse depressions can be formed at the surface when
patches of permafrost melt, forming the pitted karst-like landscape termed thermokarst.
This karst landform is expected to become more prevalent as with increased global
temperatures and changing rain patterns associated with global warming. .
Karst landform development is closely associated with the hydrological cycle. As water
passes into, flows through, and emerges from karst terrain, the resulting landforms can be
assigned to input, throughput or output roles.
The principles of karstic landform development, the origin of caves, and the geomorphic,
hydrologic, and geochemical processes of karst have been researched since the 19th
century. Landforms now generally recognized as pseudokarst were written about in
China around 2,300 year ago (Liu et al., cited by Pewe et al., 1995) and Italy’s Mount
Etna was written about only a little later (Carus, T., cited in Banit, 1993). Scientists of
Eastern Europe and North America who applied the modern scientific method to karst
and cave-development theories molded the 20th century ideas.
Modern developments in karst are marked by Kay (1957), in which the mechanisms of
cave-forming processes created a new approach to cave origins and karst hydrology. In a
paper by Barr (1960), a geographical and geomorphologic context for a species was
introduced, giving insight on the systematic evolution of cave animals.

9

Karst areas are dynamic; the geologic structure, solubility of the rocks involved, and the
climatic conditions determine to a great degree how rapidly these changes can take place.
The first karst textbooks written in English were written in the 1970’s (Jennings, 1971;
Sweeting, 1972). Since then, several notable textbooks have been published on karst,
including those of Jakucs, (1977), Bogli (1980), Jennings (1985), Trudgill (1985), White
(1988), Ford and Williams (1989), and Gillieson (1996), most of these being an
assimilation of knowledge compiled by one or two internationally recognized karst
authors.
Current and past karst researchers have attempted to provide geomorpholigsts and
hydrologists with fundamental karst distribution data. In 1972, Herak and Stringfield
presented an attempt to explain karst geomorphology. Jennings (1983) described the
worldwide scope of karst that provided an understanding of karst geomorphology and
processes. Sweeting (1973) describes varied karst features of China and linked the
academic thinking of the Chinese to the West.
Poulson and White (1969) integrated biology and geology in an interdisciplinary paper on
cave environments. W.B. White went on to describe how karst aquifers evolve in
different geological settings, with different classifications of aquifers based on the
geologic setting (1969). Accurate maps of caves, geologic context, and fluid mechanics
were used by Palmer (1975) to place constraints on groundwater-flow regimes to account
for maze and branchwork patterns in caves. Ford and Ewers (1978) addressed the origins
of caves, presented evidence that caves formed above, at, and below the water table based
on fracture frequency, and provided a useful model for the development of a wide variety
of caves.
10

During the decade of the 1980s, karst interpretation tools made remarkable advances.
Age dating was applied specifically to speleothems and indicated paleoclimatic
significance.

Periods of low growth and abundant growth of speleothems were tied to

glacial advances and retreats (Gascoyne, Ford, and Schwarcz et al., 1983). Jones (1984)
pioneered the delineation of entire groundwater basins by use of tracer experiments.
Dreiss (1989) combined rainfall curves (input) and spring hydrographs (output) to
produce a black-box approach to modeling karst aquifers (Dreiss, 1989). She was one of
the first to display a continuous chemical record of karst springs, known as chemographs,
and distinguished aquifer storage water and storm flow.
Klimchouk (2007) established the importance of hypogene speleogenesis and
characteristics of hypogenic karst aquifers in the book titled Hypogene Speleogenesis:
Hydrogeological and Morphogenetic Perspective. The book describes the major and
widespread phenomenon and provides a practical guidance for karst investigations for
many years to come.
.
GIS and Database Management
At present, information technologies have been widely applied to environmental
management and environmental assessments (Wiedemann, 2003; Stevens, et al., 2007),
but karst researchers have used few of the growing technologies to advance the
understandings of the distribution of global karst. In as much as, one aim of this thesis is
to build a bridge between traditional karst and cave mapping and the sophisticated GIS
environment of today. Undoubtedly, GIS-based researches on world karst landscapes are
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worthwhile and representative. Previous GIS and digital research has focused on
concentrated areas of karst (Butler and Walsh, 1998; Phelan, 1999; Perez, 2005; Florea et
al., 2005; and Gao et al., 2006). The introduction of GIS and the large quantity of digital
remote sensing data available currently have opened possibilities of exploring and
processing spatial data, increasing and broadening the possibilities for karst research
(Butler and Walsh, 1998). GIS-based database management systems (DBMS) have been
introduced to manage and analyze karst features on both regional and national scales
(Denizman, 1997; Kochanov and Kochanov 1997; Whitman & Gubbels 1999; Cooper et
al. 2001; Lei et al. 2001).
Florea (2007) used GIS to model and analyze the impacts of an interstate corridor
purposed in an area of known karst habitats. Guan et al., 2007, used environmental
factors to asses the vulnerability of karst areas in Chongqing, China. Others have
recognized the use of Geographic Information Systems (GIS) as a tool to compile digital
karst maps and facilitate spatial data analysis. A sinkhole database was constructed by
Dalgleish and Alexander (1984b), and updated by Magdalene and Alexander (1995)
using a spreadsheet format.
Mapping Considerations
Although The Nature Conservancy has as its goal to advance the protection of karst
species and habitats globally, the products generated will have application throughout
those subdisciplines of our science that require large-scale mapping, and accurate karstboundary delineation at countrywide or larger scale. Raster datasets represent imaged
maps, surfaces, environmental attributes sampled on a grid, or photos of an objects
referenced to features. Vector data represent shape features as an ordered set of
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coordinates with associated attributes. Vector data in a geodatabase has a structure that
directs the storage of features by their relationships and allows for geometric operations,
such as calculating length and area, identifying intersections, and finding nearby features.
Mapping has long been an important tool for conservation scientists, but typically karst
mapping has been undertaken at highly variable scale and accuracy (Johnson and
Quinlan, 1994; Weary, 2005; Jianhua et al., 2007). Mapping of global karst has been a
progression, beginning with maps of poor resolution with broad delineations that serve as
generalized interpretations of karst distributions. The first version of the world map of
carbonate rocks appeared in Ford and Williams (1989) and at a continent scale (Culver,
1999; Veni et al. 2001; Epstein et al. 2001; Epstein et al. 2002) or global scale (Kozary et
al. 1968); Ford and Williams, 2007 (Figure2)), several efforts to integrate all known data
into a meaningful map of karst of the world have been undertaken. The first depiction of
world carbonates (Ford and Williams, 1989) is reproduced as figure 1. Figure 2 is a
recently revised version of Ford and Williams 1989 map that was assembled using GIS
technologies in an Eckert IV equal area projection. This representation is of variable
quality and generalizations occur in areas where carbonates are common, but not
necessarily continuous in outcrop and where superficial deposits mask outcrops. Figures
1 and 2 show the distribution of karst limited to carbonate rocks, but karst is also found
on highly soluble rocks, like evaporites. Figure 3 is a map of evaporite rocks (Kozary,
1968). This map is presented in an irregular projection.
These maps have been limited in dependability, owing to high degree of map variability,
qualities, and scales (Figure 4). Unfortunately, the variability of existing data and maps,
and the disparity of project goals have led to construction of component maps and have
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made integration of world maps truly difficult. Highly variable project objectives,
funding, map scales, karst understanding, discipline focus, resource needs, data formats,
accuracy, precision, completeness, and willingness to share available data have limited
efforts to compile such a product. Until now, no global distribution maps of karst
integrate distributions of carbonate karst, evaporite karst and pseudokarst.

14

15
Figure 1. Distribution of major carbonate rock outcrops of the world, version 1.0 (Ford and Williams, 1989). Carbonate outcrops are
depicted in black. Scale is not specified; the dark line separating the Eastern Hemisphere and the Western Hemisphere represents
missing Atlantic Ocean basin that was not included to facilitate map presentation on a single page.
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Figure 2. Distribution of major carbonate rock outcrops of the world, version 3.0 (Ford and Williams, 2007) Version 3.0 is a revision
to their first carbonate outcrop map (Ford and Williams, 1989) and is in greater detail, reflecting GIS technology and recent attempts
to differentiate the purity of the carbonate rocks.

Figure 3. The global distribution of evaporite rocks depicting the maximum extent of
gypsum, anhydrite, and salt (after Kozary, M.T. et al., 1968). Projection, scale, and
orientation of this map are not specified, and represent distribution symmetry at a low
level of accuracy (>>10 kilometers of boundary resolution).
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Figure 4. Comparison of three maps delineating aspects of karst distribution of the African region. Typically karst mapping has been
undertaken at highly variable scale and accuracy (Johnson and Quinlan et al. 1994; Weary et al. 2005; Jianhua et al. 2007). The map
by Ford and Williams (2008) of carbonate rock outcrops v3.0 in an Eckert IV equal area projection and was used as a starting
reference for the KROW maps generated in this thesis

Ecosystem Considerations
Karst terrains and processes occur worldwide, and the organisms that inhabit these
ecosystems have been described using a wide range of increasingly sophisticated tools
and technologies (Culver, 1982; Culver, 1989; Hamilton-Smith, 1997; Taylor, 1999;
Cacchio et al., 2004; Culver and White, 2005; Barton, 2006; Barton et al., 2006; Jianhua
et al., 2007; and Spalding et al., 2007)
Karst is associated with the identification of unique and unusual biodiversity. Different
parts of the world, different lithologies, amount of precipitation, and many other factors
create isolated and dependent environments, with endemic species . Some of the world’s
most rare and endangered fauna occur within karst habitats, making it essential for
identification and conservation. Figure 5 depicts animals found in karst ecosystems.
Amblyopsis spelea (top left), is a northern cave fish found in Kentucky and Indiana.
Troglophile cave crickets (top right) can live within or out of caves. Myotis velifer
(lower right), the Little Brown Bat, is of North and Central America. The cave
salamander (bottom left) is a sightless, pigmentless amphibian that moves from surface to
shallow karst ecosystems. The bottom middle picture is one of several as-yet unnamed
insect species from Borneo believed to be previously undiscovered before the TNC’s
2004 expedition to the Indonesian Caves. Blind cave salamander larvae has fully
functioning eyes; as they mature, their eyelids grow over their vestigial eyes
(bottom left).
There are thousands of species of cave dwelling animals worldwide that use various karst
features for habitat. Plants, such as mosses and ferns, grow in wet places close to cave
entrances. Karst floras develop in shaded moist terrains, including well-developed
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epikarst, along karst bluffs or canyons, and in and around large deep sinkholes. Caves
are used intermittently by large carnivores for shelter or resting. Birds and small
mammals, such as woodrats, often nest in caves. Elk and deer commonly bed down in
the vicinity of cave entrances during summer when the air from caves is cooler, and
during the winter when cave air is generally warmer than surrounding temperatures.
Caves and their stable environments can be critically important habitat for bat species
that depend on them for roosting and hibernation.
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Figure 5. Images of animals found in karst ecosystems
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Some karst species have evolved over time to be able to live in exclusive total darkness.
One such example are the troglobites, meaning cave dweller, who have survived the last
ice age in subsurface cavities and are commonly blind with underdeveloped skin
pigment. Other species have the ability to live above and below the ground often
exploring for food outside of caves. These creatures are called troglophiles, meaning
cave lover. Animals wandering into caves but usually don’t live within them are cave
gests, called trogloxenes.
Scientific and educational opportunities abound in karst landscapes. In particular,
subsurface karst environments provide a porthole into landform development and past
environmental circumstances. Karst areas serve as natural laboratories to study
biogeographical, ecological, evolutionary, and taxonomic research (Schilthuizen et al.,
1999). Studying cave morphology and secondary deposits like speleothems and
sediments can yield information on climate change, surface temperatures at the time of
deposition, and stable isotopes.
The natural setting of karst caves—alkaline settings, cold temperatures, the nonexistence
of light and difficult access—provide opportunities for the discovery of undisturbed
archaeological materials well-preserved animal remains, and rare species (e.g. fossils of
the dwarf hominid Homo Floresiensis were found in a cave in Indonesia; Morwood et al.,
2004). Information obtained can reveal details of how ancient peoples lived, provide
evolutionary links to the past, and help determine historic and prehistoric human and
animal migration patterns.
The ability of karst hydrogeologic systems to flow rapidly exposes the delicate karst
ecosystem to contaminants. Pollutants move rapidly from the land surface through
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fractures and conduits in the limestone down to the water table. Sinking streams, solution
hollows, or dolines, may provide direct entry points to groundwater, with little or no
filtration or attenuation of contaminants. In addition, little protection is provided by the
characteristically this soil cover over karst systems. Therefore, if water is impure high
permeability rates results in little time for contaminates to be filtered out. Due to the
characteristics of karst, these aquifers are prone to degradation that can render drinking
water useless.
High permeability rates coupled with uncontrolled human interaction can lead to serious
environmental problems. Surface changes, agriculture, industry, disposal of waste, and
mismanagement affect the amount and chemistry of water in the system. In urbanized
areas the probability for impacts quite high.
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METHODOLOGY
Conceptual Framework and Design of the Geodatabase
This project utilized spatial data analysis techniques. The procedure was subdivided into
phases: data collection, data preparation, data incorporation, design and integration of
the database, karst review and compilation of maps, and analysis of the statistical
relationships between data.
Since the onset of this project, known cave and karst features have been inventoried and
integrated into a GIS, consisting of the global karst distribution. In addition, karst areas
formally studied have references to past research joined to their map counterparts. This
document provides the basic background and documentation for the KROW database and
maps. The database in this thesis is complete, but preliminary in that it is still undergoing
data contributions and standardization procedures. The data products of the thesis consist
of three main parts, the spatial database, a set of supplemental tables relating the
reference information to the database, and maps representing KROW. It should be
understood that collectively the datasets do not represent a single map, but rather serve as
a data resource to generate a variety of karstrelated maps.
The digital karst maps are presented in standardized formats as ARC/INFO export files,
ArcView shapefiles, and Adobe pdfs. Three data tables relate the map distributions to
detailed reference and distribution information and accompany these GIS files. The maps
of karst distribution have been fitted to a common set of global country and state
boundaries based on the 1:5,000,000 map of the world. When the maps are merged, the
combined attribute tables can be used directly with the merged maps to make derivative
maps.
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The global database for karst was constructed by acquiring digital versions of existing
karst maps. Few digital karst maps already existed, so it was a necessity to create a
number of digital representations where areas lacked them. For these areas, new digital
compilations were prepared by digitizing existing printed maps and raster images with
cooperation of the area’s stakeholders.
Data-set architecture and maps were initially created at the continent scale. Geologic
maps of individual countries exist for parts of the world, and where these were accessible
in digital format they were incorporated into the database for analysis of karst areas to
generate preliminary regional scale work maps.
Within continents, further subdivision by country, state, region, and local area were
undertaken as necessary to adequately delineate the preliminary karst boundaries based
on geology maps. Obviously, if karst maps exist for specific areas, these were
incorporated directly. Where no digital data sets were available, paper maps were
scanned and incorporated into ArcMap 9.2, where they were transformed into the
projection of the referenced base map.
ArcMap 9.2 and ArcInfo GIS and mapping software were chosen as the spatial analysis,
visualization, and spatial data-management tool for KROW. Digital-processing
techniques were applied for data visualization, enhancement, and interpretation of
multiple geodata sets.
The second stage was to attribute the individual GIS karst representations, following the
approach of Veni et al. (2001), by dividing karst into 3 broad categories, carbonate,
evaporite, and pseudokarst. Karst distribution was cataloged in the KROW Database
(KROWD) and assigned shape categories for carbonate karst, evaporite karst, and
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pseudokarst. Individual polygons were assigned distribution attributes: karst ID, karst
type, size in km², shape length, and location by continent and countries.
Karst Terminology
Understanding database construction and mapping needs of KROW requires a precise
definition of the following four terms.
•

Carbonate karst is a terrain with distinctive hydrology and landforms arising from
the combination of high rock solubility and well-developed secondary porosity.
Ground-water flow velocities typically are much faster here than they are in
porous media, contaminant attenuation mechanisms typically are much less
effective, and flow tends to be anisotropic and heterogeneous. In most cases,
carbonate karst is produced by chemical dissolution by slightly acidic water on a
soluble layer of bedrock, notably limestone or dolomite.

•

Evaporite karst is similar to carbonate karst in that dissolution is the dominant
process, but unlike carbonate karst, the very high solubility of evaporite minerals
produces highly mineralized ground water. Environments and ecosystems in
evaporite karst would be expected to foster organisms more tolerant of dissolved
solutes. The most common of these lithologies include gypsum, anhydrite, and
halite. Desert climates are often indicated in the geologic record by thick sections
of evaporites (anhydrite, gypsum and halite) that have accumulated in both
lancastrian and marine settings either adjacent to margins of recently pulled apart
continental plates, in compressional terrains of colliding margins, or in areas of
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local tectonic uplift or sediment accumulation that have isolated standing bodies
of water from the sea.
•

Pseudokarst is an environment or setting that resembles karst landforms, but
where dissolution or dissolution induced subsidence and collapse are not the
critical formative processes to produce cavities, isolated voids or connected
passages or tubes. The subsurface environment in these areas is similar in many
ways to other types of karst, but because they were formed by processes other
than dissolution, ground-water flow, water quality, and environmental factors
typically are distinct.
Pseudokarst typically develops in lava, unconsolidated sediments or volcanic ash,
talus, ice and permafrost (Kempe and Halliday, 1997). Pseudokarst is most
highly developed in basalt flows with lave tubes (Halliday, 1960). A special case
is volcano-karst, which includes tubular caves within lava flows. Mechanical
collapse is common in these settings and provides access underground.

•

Regions are areas of land or water that contain a geographically distinct
assemblage of ecosystems and natural communities; each may be differentiated
by climate, subsurface geology, physiography, hydrology, soil, and vegetation.

The karst distribution map that is associated with the KROW database depicts karst by
color-coding into three main categories: Carbonate shown as green, Evaporite shown as
blue, and Pseudokarst shown as red. By using this color-coded system, the KROW’s
maps conform to the representation of other current karst mapping projects (Weary et al.,
2008).
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Carbonate and evaporite karst were distinguished from one another because of the major
differences in water quality created by rock-water interaction in these settings, and
pseudokarst was distinguished from the other two because its process of formation is so
completely different than other karst formations. All methods contribute to similar
subsurface ecosystems, but each has the potential to harbor a distinct group of organisms
based on unique physical and chemical attributes of lithology and mode of formation.
The distinction between buried and surface karst was determined to be outside the scope
of the overarching needs of TNC. Although buried versus surface distinction was
included in the map of U.S. karst lands (Veni et al., 2001), and is obviously important to
hydrogeologists and others in the karst community studding hypogene speleogenesis,
with respect to environments suitable for cave-adapted organisms, it was considered and
rejected. The reason for rejection was the fact that almost all subsurface karst
environments have the potential to and likely do host microbes, yet less than 1% have
been studied or sampled. Based on this dearth of data, and the widespread distribution
potential, any delineation of deeply buried karst regions would include most of the
continental landmasses. Such a gross overestimation of karst regions would detract from
those surface areas that are truly home to fragile ecosystems.
The digital karst map was related to supplemental karst data of specific documentation
regarding map scale, display attributes, analysis properties, map use, data source, and
relevant annotations. With the merger of spatial databases, tables can be made accessible
through the GIS by pointing at locations on the map.
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For this study, once the database was filled with reference information and polygons were
created, general statistics were computed for karst variables. In addition, an analysis was
completed to determine if patterns were evident within the datasets.
Data Collection
Data mining was undertaken from a number of search engines and Internet resources, as
well as obvious publications and maps in the public domain. Major data sources include
geological surveys, journal articles, speleological and caving societies, unpublished
theses, university and karst institutes, conference proceedings, textbooks, engineering
reports, water-tracing studies, and caving-club newsletters.
Network of Scientists
Partnerships have been formed with a number of national and local public agencies,
scientific groups, and research organizations to acquire the raw data from geologic and
karst studies. In this process, a network of karst scientists and cave and karst
organizations was developed and a detailed list of contacted individuals was created
(Table 1 and Appendix A) to serve as data sources for the global karst GIS layers. These
sources are further supplemented with personal contacts across the wide range of science,
engineering, and caving—in fact, contact with any groups that focus on some aspect of
karst. Table 1 is an example of a single page showing the color-coded format used for
Appendix A. When a row in the table is colored gray it indicates that the specific
individual or group was in contact directly with a KROW representative. Selected
examples of these groups and their information dissemination outlets include the Karst
Interest Group (KIG) of the U.S. Geological Survey (USGS), the Karst Commission of
the International Association of Hydrogeologists, the International Union of Speleology,
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the Karst Information Portal, the National Speleological Society, the Karst Waters
Institute, Cave Research Foundation, British Cave Research Association, National Cave
and Karst Research Institute, Australasian Cave and Karst Management Association,
Canadian Karst Resources and Issues, Slovenian Karst Research Institute, Karstica
European Network, UIS Commission on Karst Hydrogeology and Speleogenesis, South
American Landscape, Karst and Caves of Madagascar, and IGCP 379 “Karst Processes
and the Carbon Cycle”.
Literature reviews were conducted and a functional network of science professionals was
created to serve as the major data sources for the global karst GIS layers. As a result of
continued partnership, we have developed a large dataset from a variety of sources, with
our data largely obtained from public-agencies, reports, karst organizations, and other
records.

30

Table 1. Network of karst scientists.. Consisting of data sources, contacts used, and a brief description of the study area for the
contact. Entities highlighted in grey had direct communication with E. Hollingsworth, thesis author.
Network of Scientist
Name
A
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Areas of Study

Contact Information

Auckland Speleo Group
Aggie Speleological Society
Akiyoshi-dai Museum of
Natural History
Alexander, Calvin
Alberquerque, Elaine F.

New Zealand
Texas
Japan

www.asg.org.nz/
stuact.tamu.edu/stuorgs/cave/
akihaku@ymg.urban.ne.jp

Minnesota
Universidade Santa Ursula, Istituto de Ciencias
Biologicas e Ambientais, Rio de Janeiro, Brazil

alexa001@umn.edu

Aley, Tom

Ozark Underground Laboratory, Missouri, USA

American Cave Conservation
Association
American Caving Accidents
Andrichouk, Slava
Andrews, Peter

United States of America

www.cavern.org/

United States of America
Ukraine, Poland
Natural History Museum, Department of
Paleontology, UK
Mexico

www.caves.org/pub/aca/
geo@wnoz.us.edu

England
World

t.atkinson@ucl.ac.uk.eastern
www.gly.uga.edu/railsback/speleoatlas/SA
index1.html

Association for Mexican Cave
Studies
Atkinson, Tim
Atlas of Speleothem
Microfabrics

www.amcs

Data Preparation
Preliminary maps and datasets were based on existing known studies, published and
unpublished, of major aspects of karst, which include geologic, hydrologic,
speoleogenetic, biologic, and ecologic data layers, with documentation citations and a
relative ranking of accuracy. The most valuable source data were comprised of digital,
GIS based geologic and karst maps ranging in scale, cave and karst journal articles,
books, and media with site specific location maps, and mineral resource data from
multiple sources. Some spatial data can present insufficiencies when represented in a
GIS, which made it necessary to adopt a methodology for restructuring the data before
the integration into the GIS (Figure 6).
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Figure 6. Data preparation flow chart demonstrating the methodology adopted for the
preparation of data prior to the integration into the database.
The disparate nature of the source data places serious restrictions on how these data can
be used and the degree to which they can be integrated. Data restrictions arise from
differences in scale, map units, exposure, mapping philosophy, and many other map
characteristics. Data were evaluated for availability, licenses, resolution, storage (what
kind of file formats will be used, how large is each file), extent, accuracy (will the data
resolution provide us with required spatial accuracy), and accessibility. Display and
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analysis properties were considered for each map, including; map use, implications for
theme display, symbology, and annotations were also taken into account.
Guidelines have been developed to ensure that the data are entered in a uniform and
consistent manner. These guidelines provide normalization to the data collected from
multiple sources (individual scientist, geological databases, and library archives).
Guidelines were developed to facilitate translation from paper documentation into a
digital database. The guidelines define the fields, give default values, and describe what
to do if information is missing.
Data Incorporation
Raster datasets commonly do not contain spatial reference information and sometimes the
location information delivered with them is inadequate or the data does not align properly
with other data. In order to use valuable raster data in conjunction with other spatially
referenced datasets it often needs to be georeferenced or aligned to a known map
coordinate system.
Data were entered using a GIS and processed into a form compatible for data analysis.
Data parameters were correctly defined and entered into ArcView 9.2 for display,
projection, and overlay onto base maps. The data for KROW database consists of spatial
data and attribute data, which were produced in a wide variety of formats. In some cases,
this required the prior extraction or conversion from one data format to another. It should
be emphasized that most of the data included in KROWD came from digital sources.
Paper maps were incorporated only when it was necessary. Although most of the maps
were available as ArcGIS coverages or shapefiles, the items and formats in the polygon
attribute tables (PATs) and arc attribute tables (AATs) varied dramatically. When the
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maps were acquired in digital format they were processed using ArcGIS and were put in
a standard map projection, coordinate system and GIS format and karst related data were
extracted. These data were rasterized and when necessary georectified to allow spatial
analysis and algebraic manipulation. Complementary data were extracted from a variety
of digital GIS and published sources and from the Internet.
Georeferencing input data allowed for the creation and storage of control points with
assigned coordinates and a defined projection that related to raster datasets. The graphic
elements within the GIS database were georeferenced, providing a defined location using
map coordinates and assigning a coordinate system. This process allows for the
georeferenced raster data to be viewed, queried, and analyzed with other geographic data.
an exact coordinate for any feature, or part of a feature.
To illustrate approaches and work products a case study for the distribution of karst in
Australia is presented (Figure 7 to Figure 11). Australia was selected because extensive
work had been done for the continent, yet the karst complexity was not so great as to
overwhelm the database. Georeferencing was conducted in ArcMap by loading an
existing spatially referenced base map into an active ArcMap, (Figure 7); in the desired
coordinate system of World Eckert IV projection.
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Figure 7. Screen capture of the spatialy referenced base map of Australia.

The multiband raster dataset depicted in Figure 8 showing the karst of Australia (Ken G.
Grimes, written commun. 2007) was incorporated into the spatially referenced GIS base
map (Figure 7).

Figure 8. Multiband raster dataset showing the karst of Australia (Grimes et al. 2007).
The multiband raster dataset was individually incorporated into an active map where the
projection of the specific raster dataset was identified. The raster image was overlain on
the base map and the two maps showed comparably different projections.
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Figure 9. Intermediate workmap showing variations of the geo-referenced base map and
the multiband raster image.

An overlay of the referenced base map (pink) on the unreferenced raster image exhibited
comparable difference between the two map projections (Figure 9). The georeferencing
process involves align the two maps where they most closely “fit” together. Using the
georeferencing toolbar, ground control points- known x, y coordinates- were identified
that linked the raster image and reference map. (Figure 10).

Figure 10. A representation of the control points, at two different levels of scale, before
the transformations take place.
The red base map was selected in an area of a known location (Figure 10). Then the
raster image was selected in the same known location. The x and y coordinates for each
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known location was stored and a polynomial transformation link was created. A suitable
number of control points (5 to 10 points) were required to keep the residual error to a
minimum, thereby optimizing accuracy. After accuracy verification of geographical and
political boundary control points, the raster image was georeferenced by ArcMap,
transformed into the projection of the base map, integrated with the vector dataset, and a
new shapefile was created (Figure 11.) The newly created ArcInfo shapefiles, which
correspond to the vector dataset, were projected to the World Eckert IV equal area
projection.

Figure 11. A screen grab from ArcMap of the raster image aligned with the vector
dataset, projected in the Eckert IV, and the associated transformation data points.

Often, it was a necessity to digitize features found on printed or digital maps to match the
digital format of the GIS. After maps were georeferenced, the digitizing process was
carried out in ArcMap. This procedure entailed superimposition of two or more input
maps or data layers with the aim of producing a composite map showing the intersection
of the mapping units on the individual data layers. The Editor Toolbar was added and an
editing session was started. Karst features were verified and created by digitizing a series
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of points, creating line work that would make up individual polygons. ID numbers were
assigned to polygons in the attribute table of the shapefile. The edits were then saved and
the editing session was terminated.
Digigitization of paper maps into a digital format, or to images with known coordinate
locations introduces registration error. The degree to which the transformation can
accurately map all control points can be measured mathematically by the root mean
square (RMS) method in ArcMap. Each feature digitized into the database will have an
introduced error equivalent to the RMS error. The goal during registration was to
minimize the RMS error as much as possible. High RMS errors, in some cases, point to a
systematic error such as poor scanner or digitizer calibration. Known standards were
adhered to during the data conversion process
The power of GIS to combine data from many sources, using many different scales,
projections and data models is one of its major strengths. But the inevitable
consequences of combining data sources and changing scales are the loss of sensitivity to
each data set’s idiosyncrasies, particularly its accuracy. To discuss the accuracy
problems associated with the spatial data a qualitative assessment of the accuracy of the
individual polygons was conducted. It is understood that an inherent error is introduced
when data is integrated at different scales and accuracies. Ideally, we wanted to address
the error of the positional accuracy of a polygon to generate confidence on an estimate of
the polygon’s area. Acknowledging that different polygons were attributed to different
source material at varying scales and accuracy made estimating error difficult. It was
necessary to assess the accuracy of the different source material and to broadly classify
each source as very good (~10m), good (~100m), fair (`1000m), and poor (`10km). All
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of the digital maps incorporated for the U.S. Geological Survey were ranked as “very
good”. Ford and Williams (2007) carbonate outcrop map was classified as “good”. All
paper maps incorporated were either classified as fair or poor, depending on the
representation provided.
Once digitized features were created, each was assigned specific karst attributes. A
standardized polygon attribute table (PAT) was developed for the karst polygon
coverages to represent individual karst areas. In addition to the standard fields created
for the coverage by the ARCINFO system, we added several fields including the
Karst_Type and Karst_ID for joins and relates to the supplemental attribute tables. One
record in the feature attribute table corresponds to each feature in the coverage
(Table 2). Data were entered into the attribute tables through customized ArcView,
ArcMap, and Microsoft application interfaces to take advantage of readily available
software and to simplify interactions between multiple users. The spatial data were
entered through an ArcView interface along with their associated attributes. In addition
to the standard field created for the coverage by the ARCINFO system (area, perimeter),
we added several fields including karst_type, continent, and countries, to supplement the
attribute table with non-spatial data (Table 3). Once the spatial data were recorded, nonspatial data (layer data and associated comments) were entered. Data attribute type and
field properties, such as precision, scale, or length, were specified in ArcMap when
adding a new field.
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Table 2. Karst polygon attribute table (PAT).
Field name

Information type

OBJEDTID

A unique identifier assigned by ArcMap.
(e.g. 1,2,3…499)
A description of the characteristics of the data assigned
by ArcMap. (e.g. Polygon)
The unique identifier for every karst polygon
(e.g. 1,2, 3…499)
A unique type of karst, as from the original “source
coverage”. (e.g. Carbonate, Evaporite, Pseudokarst)
The location of the karst polygon by content.

Shape
Karst_ID
Karst_Type
(mandatory)
Continent
(mandatory)
Countries
(mandatory)
Area_ sq_m

Shape_ Length

The location of the karst polygon by countries within its
borders.
A measurement of area for each polygon. Calculated
based on the perimeter of the geographical distribution
of the karst polygon.
A measurement of the length of the perimeter of the
karst polygon.

Field/Data
Type
ObjectID
Geometry
Short Integer
Text
Text
Text
Number
(Double)
Number
(Double)

The attributes stored for each karst feature were stored in the KROW polygon attribute
table and include the continent, countries, Karst_Type, Area_sq², Shape_Length, and
Karst_ID.
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Table 3. KROW polygon attribute table (PAT).
OBJECTID

Karst_
ID

Karst_Type

Countries

Continent

Area_sq²

Shape_Length_
m²

1

1

Carbonate

Mexico

388566

2493

2

2

Carbonate

Mexico

738439

3347

3

3

Carbonate

Mexico

388566

2493

4

4

Carbonate

Mexico

5

Carbonate

Mexico

3953554
3
388566

34442

5
6

6

Carbonate

Mexico

7

Carbonate

Mexico

8

8

Carbonate

Mexico

9

9

Carbonate

Mexico

10

10

Carbonate

Mexico

5567855
3
5785133
1
1573487
9
1666136
4
388566

42639

7

North
America
North
America
North
America
North
America
North
America
North
America
North
America
North
America
North
America
North
America

2493

31163
25589
15339
2493

To facilitate reference data integration into the database RefWorks, an online research
management, writing and collaboration tool, was used. RefWorks can be accessed at
http://www.refworks.com/, where an account and a personal reference database can be
created.

42

Figure 12. RefWorks is an online tool facilitating reference management and
organization. (source: http://www.refworks.com/.)

Reference information for each document was stored and organized in RefWorks; a tool
designed for researchers to easily gather, manage, store, share, and generate all types of
information and citations or bibliographies. This software permits capture of reference
information for online resources and allows integration of non-digital references to create
a personal database online.
In the RefWorks domain, publications and references were manually input, imported
automatically, and added from data vendors as a text filed or by copy/paste and saved
within the database. A unique ID number was automatically assigned by RefWorks to
each entry and was titled Ref_ID. Continental folders organized reference data, which
included: Africa, Antarctica, Asia, Australiasia, Europe, North America, Oceania, South
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America, and World Maps. References can be added or removed from individual folders.
The total number of reference sources for each continent can be found in Table 4.
Table 4. . Karst references by continent.
Continent

Number of
References
24
56
85
106
66
0
15
37

Africa
Asia
Australiasia
Europe
North America
Oceania
South America
World Maps

The reference style of the Geological Society of America Bulletin was chosen as the
format for the references within the database and in the Selected Reference portion of this
thesis. The output style editor was used to create a custom output style, which was used
to incorporate the database into an excel filed. The output style was named KROW
Database (KROWD) and the included output fields are: Ref ID, Authors, Title, Ref
Type, Periodical, Pub Year, Volume, Issue, Pages, Links, and Descriptors.
The format of the bibliography, the type of file, and the references to include in the
exported references were delineated. The supplemental attribute tables, KROW
REFERENCE, (Table 6) which accompany the spatial databases were developed using
the RefWorks database program. The reference table serves the purpose of containing
the citations for reference sources used in compiling the supplemental tables. The table
was formatted from a list of references, a HTML file type was created and a bibliography
was downloaded to the computer and displayed. This information was then selected,
copied, and pasted as a HTML into Microsoft Office Excel 2007 (Table 5).
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The structure of the reference table, Table 6, was designed to accommodate karst data
from a variety of sources and formats, to create a common interface for entering and
displaying data, and to support current and future scientific and karst studies. The Excel
file was then saved as an .xls and dBase (.dbf) format and was ready for incorporation
into the geodatabase as a supplemental table.
Table 5. KROW REFERENCE table with field definitions.
Field name
Ref_ID (mandatory)
Author
Title
Reference Type
Year
Issue
Pages
Descriptors

Information type
The unique code assigned by RefWorks software to
each reference in the table. Format: 3-digit number.
Authors of each reference.
Title of the associated reference.
Journal Article, Book , ect.
Year in which the reference was cited.
Issue in which the reference was cited
Pages pertaining to document.
Key words that describe the science, location, and
techniques used in the paper.
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Table 6 Example of the reference table created from the RefWorks database for collected karst references.

Ref_
ID
1

26
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Authors

Title

Continent

Descript.1

Asfawossen Asrat,
Andy Baker,
Mohammed Umer
Mohammed, Melanie J.
Leng, Peter Van
Calsteren and Claire
Smith.
Giovanni Barrocu;
Michele Muzzu; and
Gabriele Uras.

A high-resolution multi-proxy
stalagmite record from Mechara,
southeastern Ethiopia; palaeohydrological implications for
speleothem palaeoclimate
reconstruction

Africa

Absolute
age

Hydrogeology and vulnerability
map (Epik method) of the
“Supramonte” karstic system,
north-central Sardinia
Assessment of regional
karstification degree and
groundwater sensitivity to pollution
using hydrograph analysis in the
Velka Fatra Mountains, Slovakia
Management of karst aquifers in
Serbia for water supply

Europe

Karst

Europe

Slovakia

Europe

Serbia
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Peter Malik.

28

Z. Stevanovic, I.
Jemcov and S.
Milanovic.

Descript.
2
Africa

Descript.
3
Ethiopia

Descript.4

Groundwater

Sardinia

Italy

Carbon

Design and Integration of the Geodatabase
A geodatabase is essentially a relational or object-relational database that has been
enhanced by geographic data storage, referential integrity constraints, map display,
feature editing, and analysis functions. The geodatabase consists of a collection of tables
that store data. Rows represent features and columns represent characteristics. Functions
of a database include: editing data, joining, linking, and relating data tables, query
building, analysis, and security versioning. A major benefit of storing the feature
attributes in a geodatabase rather than in a shapefile is that the data within the database
can be easily updated, and the changes are automatically reflected in the GIS layers.
A basic three-level structure was adopted for the KROW database to provide a common
framework for all data and to allow for future expansion (Figure 13). The inventory of
known karst occurrences uses ArcGIS and the RefWorks database as the main programs
for the storage, retrieval, manipulation and display of data. The karst represented in the
GIS was linked to reference information for source maps and data, providing scientific
detail on specific karst sites. This information was housed in a database that includes
three tables. The first table includes boundaries of karst areas represented as polygons,
classifications of karst (carbonate, evaporite, or pseudokarst), geographical locations (e.g.
continent and country), and the calculated area of karst extent. The second table is a
collection of karst references from around the globe. The last table is used to link the
GIS karst dataset to the reference table. The final product will provide a useful aid for
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Figure 13. Data model for KROW database. Dashed lines indicate a one-to-one relationship and solid lines indicate a one-to-many
relationship.

Delineation of cave and karst systems allowing for improved protection and management
at national, regional, or site levels.
An ESRI geodatabase was created in ArcCatalog 9.2 (ESRI, 2007). ArcCatalog was
opened and the destination folder was selected and a New/Personal Geodatabase was
selected. The geodatabase was titled karst_map.gdb. The karst polygon shapefile data in
World Eckert IV was imported into the geodatabase within ArcCatalog as a polygon
feature class. The shapefiles were imported into the geodatabase by right clicking on the
geodatabase and pressing Import/shapefile to Geodatabase.
The spatial and non-spatial data was integrated by creating a relationship class.
Relationship classes manage the associations between objects in one class (feature class
or table) and objects in another. It's appropriate when one record in a target spatial layer
has many matches in the nonspatial table and allows for a relationship to be established
between the polygon and the attribute data. A relate makes a connection between a
record in the feature attribute table and a corresponding record in the related attribute
table. An item in one table is used as a relate key (karst_id) to a corresponding item or
column in the related table (ref_id). Relationship classes are stored in the geodatabase
making them always available when working with either of the related objects
For the KROW database, our objective was to relate many different karst areas to many
different karst references. In GIS terminology this is called a many-to-many relationship.
To create this relationship and populate the KROW POLYGON TEFRENCE table, a
many-to-many relationship class was established. This allowed for multiple records in
the destination table to match multiple records in the source table. This GIS junction
table was titled KROW POLYGON REFERENCE (Table 7). The KROW
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POLYGON_REFERNCE table was created to link the GIS representation of karst
polygons (KROW PAT) to the reference table (REFERENCES).

Table 7. KROW POLYGON_REFERENCE table with field definitions.
Field name
Ref_id
(mandatory)
Karst_id
(mandatory)

Information type
A unique code assigned by RefWorks
software to each reference.
The unique code assigned by
ARCMAP software to each polygon
that represented karst.

Field Type
Number; unique
values
Number; unique
values

By using a geodatabase the two tables, references and polygons, have been linked by the
polygon reference table. This makes the information that is displayed in map format
interactively accessible by pointing and clicking on a specific polygon and once selected
then viewing the associated references for that polygon.
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RESULTS
Statistics Using the KROWD
The comprehensive integration of known cave and karst data resulted approximately
15,000 karst polygons representing 14.10 % of the Earth’s surface. Relationships based
on position and aerial distribution of karst phenomena were considered and evaluated in a
statistical framework, providing information on the number, area, and percentage of land
cover of carbonate, evaporite, and pseudokarst polygons for each continent and the world
ArcGIS Spatial Analysis capabilities were used to consider relationships based on
position and aerial distribution. These analyses were chosen because they were easy to
use in map-based interface and they provided an advantage for visualizing spatial
relationships. A variety of criteria were used to evaluate the global distribution of karst
phenomenon in a statistical framework. The statistics provided information on the total
number of carbonate, evaporite, and pseudokarst polygons for each continent currently in
the KROWD. (Table 8).
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Continent

Table 8. Total karst features represented in the GIS.
Carbonate Evaporite PseudoTotal
Karst
Karst
karst
Polygons

Russian Federation
South America
Africa
North America
East and South East Asia
Middle East & Central
Asia
Europe
Australasia
World’s total polygons
World’s karst area (km²)

202
461
453
8902
1564
425

0
5
47
77
0
4

0
279
561
183
34
33

202
745
1061
9162
1598
462

872
618
13497
16654361

97
0
230
236036

13
126
1229
1630235

982
744
14956

Total
Area
(km²)
3690997
767579
3148247
3626121
2856515
2334377
1441828
654970
18520632

The global karst data were evaluated by area parameters to provide meaningful
identification of patterns and irregularities. A statistical summary of the KROW karst
areas is shown in Table 9 with distinctions for carbonate, evaporite, and pseudokarst.

Karst Type
Carbonate
Evaporite
Pseudokarst
Total

Table 9. Area calculations for each karst type (km²).
Area (km²) rounded
Area (km²)
16,700,000
16,709,152
200,000
236,103
1,900,000
1,872,843
18,800,000
18,818,099

Following the methodology of Ford and Williams (2007) calculations (v.3.0) for the area
of the world carbonate outcrops; the world was divided into a regional classification for
comparison of area estimations (Table 20 and Figure 2). The continental scale
subdivisions include: Russian Federation Plus, South America, Africa, North America
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(excluding Greenland), East and South east Asia, Middle East and Central Asia, Europe
(excluding Iceland and Russia), and Australasia. For a complete list of the countries
within each region and the total land area in km² see Table 10.
Using the ArcMap interface a region was selected and the count (the number of
polygons), minimum area, maximum area, sum of all areas, and the standard deviation
was documented. The tables were divided by region into statistics for carbonate,
evaporite, and pseudokarst and the calculated statistics were recorded in Tables 12-20.
By adding the area found for carbonate, evaporite, and pseudokarst, a total area for all
three karst occurrences was found (Table 11). The total world area for karst was then
divided by the number of polygons for each karst type to yield an average area in
kilometers squared.
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Table 10. Classification for the world’s regions based on countries.
Region

Countries Included

World

Exclude Antarctica, Greenland and Iceland

Russia
Federation plus
South America

Armenia, Azerbaijan, Georgia, Kazakhstan, Kyrgyzstan, Russia,
Turkmenistan, Uzbekistan
Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, Falkland
Islands (Malvinas), French Guiana, Guyana, Paraguay, Peru,
South Georgia and the South Sandwich Island, Surinam Uruguay,
Venezuela
Algeria, Angola, Benin, Botswana, Burkina Faso, Burundi,
Cameroon, Cape Verde, Central African Republic, Chad,
Comoros, Congo, Congo the democratic, Cote D'ivoire, Djibouti,
Egypt, Equatorial Guinea, Eritrea, Ethiopia, Gabon, Gambia,
Ghana, Guinea, Guinea-Bissau, Kenya, Lesotho, Liberia, Libya,
Madagascar, Malawi, Mali, Mauritania, Mauritius, Mayotte,
Morocco, Mozambique, Namibia, Niger, Nigeria, Reunion,
Rwanda, Sao Tome and Principe, Senegal, Seychelles, Sierra
Leone, Somalia, South Africa, Sudan, Swaziland, Tanzania, Togo,
Tunisia, Uganda, Western Sahara, Zambia, Zimbabwe
Anguilla, Antigua and Barbuda, Bahamas, Barbados, Belize,
Bermuda, Canada, Cayman Islands, Costa Rica, Cuba, Dominica,
Dominica Republic, El Salvador, Guadeloupe, Guatemala, Haiti,
Honduras, Jamaica, Martinique, Mexico, Montserrat, Nicaragua,
Panama, Puerto Rico, Saint Kitts and Nevis, Saint Lucia, Saint
Vincent and the Grenadines, Turks and Caicos Islands, US, Virgin
Islands, Virgin Islands (US)
Brunei Darussalam, Cambodia, China, East Timor, Indonesia
(excluding Papua), Japan, Korea (north and south), Lao, Malaysia,
Mongolia, Myanmar, Philippines, Singapore, Taiwan, Thailand,
Vietnam
Afghanistan, Bangladesh, Bhutan, Cyprus, India, Iran, Iraq, Israel,
Jordan, Kuwait, Lebanon, Maldives, Nepal, Oman, Pakistan,
Palestine, Qatar, Saudi Arabia, Sri Lanka, Syria, Tajikistan,
Turkey, United Arab Emirates, Uzbekistan, Yemen
Albania, Andorra, Austria Belarus, Belgium, Bosnia and
Herzegovina, Bulgaria, Croatia, Czech, Denmark, Estonia, Faroe
Islands, Finland, France, Germany, Greece, Hungary, Ireland,
Italy, Latvia, Liechtenstein, Lithuania, Luxembourg, Macedonia,
Malta, Moldova, Monaco, Netherlands, Norway, Poland, Portugal,
Romania, San Marino, Slovakia, Slovenia, Spain, Sweden,
Switzerland, Ukraine, UK, Vatican City, Yugoslavia
American Samoa, Australia, Baker-Howland-Jarvis, Christmas
Island, Cook Islands, Fiji, French Polynesia, Guam, Kiribati,
Marshall Islands, Micronesia, New Caledonia, New Zealand,
Niue, Norfolk Island, Northern Mariana Islands, Palau, New
Guinea (Papua New Guinea plus Papua), Solomon Islands, Tonga,
Tuvalu, Vanuatu, Wallis and Futuna Islands, West Iran, Western
Samoa.

Africa

North America
(exclude
Greenland)

East and South
East Asia

Middle East and
Central Asia

Europe (exclude
Iceland and
Russia)

Australasia
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Land Area
km2
133448089
20649781.47
17792882.43

30001574.36

22229293

15638628.9

11129676.65

6125842.012

9611377.312

Table 11. World karst area calculations (km²). Spatial distribution of karst mapping features on a global scale. Areas were
calculated by mapping unit and compared with area percentage of cover feature group (e.g. carbonate karst) and percentage of cove
of the land mass.
World
Carbonates
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

13497
0.00001
776083.90
16709152.67
1228.07
14423.06

Evaporites
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

230
4.62
40310.69
236103.69
1022.09
3157.763

Pseudokarst
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

1229
0.027
297640.24
1872843.52
1510.36
11501.29
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Table 12. Area calculations for the karst of Russian Federation by type (km²). .
Russia Federation Plus
Carbonates
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

202
4.77
776083.90
3690997.23
18272.26
74908.12

Evaporites
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

0
0
0
0
0
0

Pseudokarst
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

0
0
0
0
0
0

Table 13. Area calculations for the karst of South America by type (km²).
South America
Carbonate
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

461
0.97
103537.89
498416.97
1081.16
6036.05

Evaporites
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

5
451.73
11417.15
15585.01
3117.00
4216.62

Pseudokarst
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

279
4.29
27546.27
253576.91
908.88
2595.24

Table 14. Area calculations for the karst of Africa by type (km²).
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Africa
Carbonate
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

453
0.531
402003.38
2430464.99
5365.26
22399.21

Evaporites
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

47
121.30
10609.48
47249.95
1005.318
1651.28

Pseudokarst
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

561
1.28
297640.24
670531.74
1195.24
12803.22

Table 15. Area calculations for the karst of North America by type (km²).
North America
Carbonate
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

8902
0.00001
315483.95
3364504.51
377.95
5388.60

Evaporites
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

77
4.62
12523.91
66820.08
867.79
2089.64

Pseudokarst
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

183
0.03
70742.25
194796.13
1064.46
5613.99

Table 16. Area calculations for the karst of East and South East Asia by type (km²).
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East and South East Asia
Carbonate
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

1564
0.046
435514.40
2682669.68
1715.26
15617.13

Evaporites
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

Pseudokarst
0 Count:
Minimum:
Maximum:
0 Sum:
Mean:
Standard Deviation:

34
114.41
41898.19
173844.85
5113.08
7429.20

Table 17. Area calculations for the karst of Middle East and Central Asia by type (km²). .
Middle East and Central Asia
Carbonate

Evaporites

Pseudokarst

Count:

425

Count:

Minimum:

1.68

Minimum:

64.60

Minimum:

32.13

Maximum:

714768.55

Maximum:

3860.96

Maximum:

22239.26

Sum:

6250.98

Sum:

Mean:

1562.74

Mean:

5388.26

Standard Deviation:

1446.29

Standard Deviation:

6779.49

Sum:
Mean:
Standard Deviation:

2150312.89
5059.56
36507.99

4

Count:

33

177812.69

Table 18. Area calculations for the karst of Europe by type (km²).
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Europe
Carbonate
Count:

Evaporites
872

Count:

Pseudokarst
97

Count:

13

Minimum:

0.002

Minimum:

15.59

Minimum:

39.91

Maximum:

195421.88

Maximum:

40310.69

Maximum:

5463.19

Sum:
Mean:
Standard Deviation:

1323331.28
1517.58
10787.40

Sum:

100129.70

Sum:

18366.79

Mean:

1032.26

Mean:

1412.83

Standard Deviation:

4205.89

Standard Deviation:

1503.08

Table 19. Area calculations for the karst of Astralasia by type (km²).
Australasia
Carbonate
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

618
0.01
247876.31
513663.68
831.17
10184.56

Evaporites
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

0
0
0
0
0
0

Pseudokarst
Count:
Minimum:
Maximum:
Sum:
Mean:
Standard Deviation:

126
0.10
42739.75
141306.20
1121.48
4364.21
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Figure 14. Total karst area for each contiental region (km²).

Table 20. Percentage of Karst Cover
%

%

%

Russia Federation

Total % of Percentage of eight regional-scale
subareas of the Earth’s surface covered by
Karst
three types of karst (carbonate, evaporate,
Carbonate Evaporite Pseudokarst Cover
and pseudokarst), modified after
Hollingsworth (2009). The table is keyed
17.87
0.00
0.00
17.87
to figure 1.

South America

2.80

0.09

1.43

4.31

Africa

8.10

0.16

2.23

10.49

North America

15.14

0.30

0.88

16.31

East & South East
Asia

17.15

0.00

1.11

18.27

Middle East &
Central Asia

19.32

0.06

1.60

20.97

Europe

21.60

1.63

0.30

23.54

Australasia

5.34

0.00

1.47

6.81

World

12.52

0.18

1.40

14.10

Region
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The maximum karst area (km²) was then calculated for each region (Table 20). These
data are summarized as a bar graph (Figure 14).
The Russian Federation had the largest area covered with carbonate karst. The second
largest area covered by carbonate karst was North America, followed in descending order
by: Africa, East and South East Asia, the Middle East and Central Asia, Europe, South
America and Australasia. There was no pseudokarst or evaporite karst mapped in the
region of the Russian Federation Plus, but it is known, but not included within the
KROWD, that there is a major area of evaporite karst in Ukraine. The largest area
covered with pseudokarst was found in Africa, followed by: South America, North
America, the Middle East and Central Asia, East and South East Asia, Australasia, and
Europe. Evaporite karst was mapped in Europe, North America, Africa, South America,
and the Middle East and Central Asia in extremely small quantities.
The area of land covered by carbonate, evaporite, and pseudokarst was then converted to
a percentage of land for each continent and for the world. The data was transformed to
percentages to allow for a more representative evaluation. The percentage of karst
occurrence is presented in Table 20.
Calculations reveled that the largest percentage of land covered by all karst types
occurred in the region of Europe (excluding Iceland and Russia) with 23.54%. The
second greatest percentage of area covered by karst was in the Middle East and Central
Asia, almost 20.97%.

The area for all karst types decreases slightly for East and

Southeast Asia (18.27%), the Russian Federation Plus (17.87%), and North America
(16.31%). Africa had approximately 10.49% of karst cover. The least cover was found
in Africa (10.49%), Australia (6.81%), and South America (4.31%). The total percentage
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of land covered by karst for the world is 14.10%. This was divided into 12.52%
carbonate karst coverer, pseudokarst covered 1.31% and evaporite karst only covered
0.18%.
KROW calculations for carbonate karst cover were then compared to Ford and Williams
(2007) calculations for the world carbonate outcrop areas (Table 21).
When comparing the calculations for the world cover of carbonate karst of Ford and
Williams with the KROW calculations there was less than .01% different. This slight
difference in percentage of carbonate karst cover helps to confirm the accuracy and
comparability of our carbonate karst mapping. Accuracy was also noticeable graphically
when comparing Ford and William (2007) carbonate outcrop map (Figure 2) and KROW
karst distribution map (Figure 16).
Although the carbonate karst percentages matched closely for calculations for the world,
the percent difference for the regions of the Middle East and Central Asia, East and South
East Asia, and North America have significantly high disagreement between them.
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Figure 15. Percentages of continent covered by karst in km²

Table 21. Comparison of Ford and Williams’ (2007) calculations for the world carbonate outcrop map to the KROW calculations.
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Region

Land Area
km2

Percentage
(Ford &
Williams 2007)
12.53
16.13

Maximum Carbonate
Outcrop (km2)
(KROW)
16709153
3690997

Percentage
(KROW)

%
Difference

133448089
20649781

Maximum Carbonate
Outcrop (km2)
(Ford & Williams 2007)
16721876
3331673

World
Russia Federation
plus
South America
Africa
North America
(exclude
Greenland)
East and South
East Asia
Middle East and
Central Asia
Europe (exclude
Iceland and
Russia)
Australasia

12.52
17.87

0.01
-1.74

17792882
30001574
22229293

370809
2773252
4076077

2.08
9.24
18.34

498417
2430465
3364505

2.80
8.10
15.14

-0.72
1.14
3.20

15638629

1688219

10.80

2682670

17.15

-6.36

11129677

2554380

22.95

2150313

19.32

3.63

6125842

1334864

21.79

1323331

21.60

0.19

9611377

592601

6.17

513664

5.34

0.82
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Figure 16. Comparison using Ford and Williams (2007) verses KROW’s calculations for maximum carbonate outcrop.

KROW Maps
Over 15,000 cave and karst features from eight regions of the world have been compiled
into a geodatabase. The majority of these features are concentrated on three continents:
North America, Europe, and Africa and this is generally accepted as the result of geology
and past documentation.
The projection chosen was Eckert IV Equal Area and is described in Table 22. This
projection was chosen because it is commonly used for world maps; the projection is
pseudo-cylindrical and preserves equal-area. Eckert’s projection makes the outer
meridians half-circles with all of the other meridians regularly spaced elliptical arcs
except the central meridian, which is straight and half as long as the Equator. Scale is true
along the parallel at 40º30’ north and south.
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Table 22. Attributes of Eckert IV projection.
Eckert IV Equal Area Projection
Parameter
1 Standard Parallel
Central Meridian
Other Meridians

Parallels
Poles
Symmetry
False easting (meters)
False northing (meters)
Units
Datum
Spheroid

Value
For this projection, only one standard parallel is
specified. The other standard parallel is the same
latitude with the opposite sign. The standard parallel is
by definition fixed at 40º30'
Straight line half as long as the Equator
Equally spaced semi ellipses concave toward the
central meridian. The outer meridians, 180º east and
west of the central meridian, are semicircles.
Unequally spaced straight parallel lines, perpendicular
to the central meridian. Spacing is greatest toward the
Equator
Lines half as long as the Equator
About the central meridian of the Equator
0.00000
0.00000
Meters
WGS_1984
WGS_1984

The world map representing the geographical distribution of landmasses was obtained
from Terraspace, a Russian space agency, and includes coastlines and national borders.
The shape file is named world map_EckertIV.shp and is in Eckert IV projection.
Williams also used this world map and Ford (2007) in the compilation of the world map
of carbonate outcrops v3.0.
A digitally compiled map of the distribution of karst has been created (Figure 17) with
the KROW database that depicts carbonate, evaporite, and pseudokarst occurrences with
the geographical distribution of landmasses on a global scale. Using mapping tools and
terminology developed by past geologic and karst cartographers; we have produced a
preliminary karst map that minimizes subjective bias in karst delineation and
characterization (Figure 16). Map layout and symbology were planned in ArcMap 9.2.
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All maps were then exported from ArcMap and imported into Adobe Illustrator CS3 for
cartographic manipulations. The legend of each map was arranged for the easiest map
viewing. Index map and declination information were included on each map layout.
These approaches incorporated recent advances in the use of GIS to characterize karst
boundaries and sequences and are resulting in the refinement of global karst delineations.
The total area mapped (all eight regions) encompassed about 133,000,000 km².
The world was subdivided into eight regions, following the methodology of Ford and
Williams (2007), and individual regions were mapped on the global index for KROW
dataset and maps (Figure 17). The eight regions are listed from largest area to smallest
area: Africa, North America, Russian Federation, South America, East and South East
Asia, the Middle East and Central Asia, Australian, and Europe. This figure delineates
the extent of each separate continental-scale map. The purpose of dividing the world into
regional maps was to highlight examples of the detail available in the KROW maps and
database. Each regional map contains an upper or lower panel so that the uninterrupted
imagery can be easily compared within maps. The most important features in each of the
eight regions are briefly discussed in terms of spatial relationships and map patterns
within the next few paragraphs.
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Figure 17. Map of the global distribution of carbonate, evaporite, and pseudokarst using the KROW database as the source.
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Figure 18. Map of the global index for KROW maps with rectangles delineating contintal regions .
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Figure 19. Distribution of karst for the continental region of Africa .
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Figure 19 highlights the karst of the African continental region. This continent has a
cumulative total of about 3,100,000 km² of karst, or 10.49% of the total land cover. This
region has approximately 2,400,000 km² of carbonate karst, mostly in the northern part of
the region. Area of pseudokarst totals approximately 700,000 km² and is well
represented in the eastern part of this region, which corresponds to know volcanic
provinces. Evaporite karst is limited to the extreme northern and southern parts of the
region and contributes relatively little area to the karst area totals. These data can be
attributed to the U.S.G.S. Open File Report 97-470A, 2001.
Africa’s karst (Lumanns, 2001a, b, c) is relatively little compared to other continental
areas, which may be due to a lack of documentation. The Atlas Mountains in the
northern part of the continent are known for shafts and caves (Halliday, 2003) and the
karst of Madagascar is well known around the world.
Because of the diversity of geologic and climatic settings, Europe has many different
types of karst terrain (Figure 20)(KROW reported approximately 21.60% of the
continental region to be covered by carbonate karst, 1.63% of the continental region
covered by evaporites karst and a relative lack of pseudokarst. (0.30% of the continentals
cover). The lack of pseudokarst documentation may be do to the number of European
scientists that do not accept the term due to the un-precise nature of the term and it’s role
associated with weathering of rocks (Kunsky, 1957, Otvos, 1976, Panoš1978; Bella 1995;
Self, Mullan 1997).
There are complex spatial distribution patterns for both carbonate and evaporite karst of
Europe. This could be a consequence of the complex geology of the area and the amount
of tectonics. The distinctive distribution of evaporite karst is associated with Emilia-
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Romagna area for central and southern Italy (Galdenzie et al., 1995) and the Alps for the
area trending north, northwest. The folded and fated nature of the limestones and
dolomites that underlie the Alps are a perfect setting for alpine karts. Southern Spain has
huge tracts of limestone in the high Sierras (Calaforra et al., 1993 a, b) and along the
eastern coast the show cave of Nerja is well known for large stalagmites (Trimmel,
2003). Spanning the Spanish and French border the Pyrenees exhibit spectacular alpine
karst. Central Europe has complex karst areas with the largest carbonate outcrops
occurring in southern Poland and in Slovakia (Gams et al., 1981). A long karst belt
extents through Romania, Moldovia, Bulgaria, and former Yugoslavia and exists due to
the complex geological background and Tertiary uplift of the Carpathians and Balkans
(Bogden et al., 2003, Klimchouk et al., 2002, Kvanjc, 1984). The Dinaric Alps region is
well known for the large number of polijes, or enclosed depressions, as well as the rich
historical aspects of karst (Cvijic, 1901,1903,1918). The northeastern portion of figure
20 represents the an area of the Dinaric alps, an area dotted with caves and underground
rivers, the characteristic features of karst topography. The northern portion of Europe has
localized areas of karst.
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Figure 20. Distribution of karst rocks for the coninental region of Europe.
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Figure 21. Distribution of karst rocks for the coninental region of South Central Asia.
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Figure 22. Distribution of karst rocks for the coninental region of East and South East Asia.
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Figure 21 and Figure 22 depict the karst of South Central Asia area and East and south
East Asia, respectively, representing the geographical distribution of carbonate,
evaporite, and pseudokarst. South Central Asia, Greece, Turkey, Lebanon, Israel, and
Arabian Peninsula are well known for arid karst. Due to increased rainfall during the
Quaternary ice ages a karst terrain developed (Frumkin et al., 1999).
The East and South Eastern Asia continental region has a distinctive pattern depicted by
elongate carbonate units that correspond to the complex tectonic make up of this region,
which has a terrene derived from Gondwanaland in the late Early Permian Period
(Daoxian, 1991; Jianhua et al., 2007; Lu, 1996; Sweeting, 1990; Waltham, 1985). Data
ranges from 0.05 km² to 440,000 km² per polygon and is, on average 1,700 km² per
polygon. There is also a distinctive pseudokarst patter in the Indonesian archipelago,
which is reflecting one of the most active vulcanological regions of the world. It is also
noted the relative lack of evaporite karst, which may be due to a sampling bias or lack of
documentation. Respectively, carbonate karst, evaporite karst, and pseudokarst cover
17.15%, 0%, and 1.11% for a total of 18.27% of the land surface area, respectively. Data
ranges from 0.05 km² to 440,000 km² per polygon and is, on average 1,700 km² per
polygon. There is also a distinctive pseudokarst patter in the Indonesian archipelago,
which is reflecting one of the most active vulcanological regions of the world. It is also
noted the relative lack of evaporite karst, which may be due to a sampling bias or lack of
documentation.
Figure 23 is a detailed karst maps of Australasia that depict the know distribution of
carbonate karst, pseudokarst, and evaporite karst. It is notable the lack of evaporite karst,
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which may be due to a lack of information or a sampling bias, a majority of carbonate
karst, and small quantities of pseudokarst (Davies et al., 1978; Jennings, 1983,1971;
Finlayson et al., 2003). The total land area for the region of Australasia is approximately
9,600,000 km² with a total percentage of land covered by karst of 6.81%. This is a
relatively low percentage compared with the other regional percentages of land cover and
could be due to the great age of much of the continent and the ample time to erode
limestone deposits away. Carbonate karst has an approximate surface area of 510,000
km² consisting of 5.34% of the total karst cover. A significant carbonate karst area is
found in the southwestern portion of the region and is attributed to one of the largest karst
areas on earth called Nullarbar Plain (Atkinson, 1992). This area is known for caves and
scattered sinkholes. Many of the Pacific islands have coral reef deposits that have
become karstified through the years. Pseudokarst cover is 1.47% of the total land surface
cover. Pseudokarst in much of Australia has formed from the dissolution of silica in
relatively insoluble rocks like quartz sandstones. There are volcanic karst associated with
places in North Queensland, western Victoria, and Heard Island. The spatial resolution
data ranges from 0.006 km² to 250,000 km² with an average of 800 km² per polygon.
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Figure 23. Distribution of karst rocks for the coninental region of Australasia.
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Figure 24. Distribution of karst rocks for the coninental region of North America.
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Figure 24 represents the spatial disrtibution of karst for the continental area of North
America. North America had a total percentage of surface area covered by karst of
16.31%. Of this percentage, 15.4% was carbonate karst, 0.30% was evaporite karst, and
0.88% was pseudokarst. The mean area for individual polygons was approximately
2,000 km² with the minimum polygon area being 0.00001 km² and a maximum area of
320,000 km².
The patterns of the carbonate karst distribution of the eastern United States reflect the
bedrock geology, lithology, abundant rainfall, relativly soluble rocks, and the extent of
deformation (Bakalowicz et al., 1987; Brucker et al., 1976). Extensive carbonate karst
occurs in Mississippian and Ordivican age limestones. The southeastern United States
has extensive carbonate karst in Florida, Alabama, and Georgia. The world;s longest
known cave and many other large cave systems are found in the Mammoth Cave area of
cental Kentucky. As you travel to the west, there is an apparent northwest trending line
of carbonate karst intermingled with pseudokart and evaporite karst that spans the
southern portions of North America to the northern portion s (Ford et al., 1975; Ford,
1983 a, b, c; Halliday, 2004; Lao et al, 2000). This line is actualy a vast geological
feature called the American Cordillera and it is associated with mumerous oroganies and
the associated deformation. Extensive karst also is developed on the limestones that ring
the Ozark Dome in Missouri and northern Arkansas. Much of the evaporite karst in the
area of western Okalhoma and eastern Texas is associated with extensive gypsum
deposits.
The western portion of North America has a relative lack of carbonate karst in
comparison with the distribution of pseudokarst. The most extinsive areas of
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pseudokarst deposits are in the Snake Rive area of Idaho, in part of the Columbia Basalt
Plateau in Washington and Oregon, and in the lava fields of northeastern California. The
pseudokarst features include lava tubes, fissures, open sinkholes, and caves formed by
extrusion of the still-liquid portion of the lava.
Central America and the Caribbean have some of the most spectacular examples of
tropical karst. Mexico’s karst is known for the lack ofsurface streems and low relife of
the Yucatan Peninsula (Back et al., 1984; Badino et al.,2007; Espinasa-Perena, 2007).
Figure 25 corresponds to the distribution of carbonate karst, evaporite karst and
pseudkarst for the region of South America. The total land area of South America is
approximatly 17,800,000 km² and of this area 4.31% is covered by karst (approximatly
770,000 km²). The majority of the karst cover is represented by carbonate karst with
2.80%. Most of the carbonate karst is found in the continental shield located in the
eastern portion of this region. Many of these carbonate polygons match up to their
conterparts located in Africa. The percentage of area distribution of pseudokarst is
1.43% . All of the distribution of pseudokarst parallels the Pacific shore in a
geographical region called the great cordillera, which is made up of the Andes ranges.
The Andes are seismicaly active older volcanoes. The distribution of evaporite karst for
the region of South America has only 5 polygons with a total surface area of 15,000 km²
which is 0.09% of the total percentage of area coverd by karst. Little is known about the
karst of South America, but many caves have been reported in Venezuela and Columbia
(Auler, 1995; Mendona et al., 1994; Prandini et al., 1990).
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Figure 25. Distribution of karst rocks for the coninental region of South America.
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Disclaimer
The data and maps herein are not intended to be used for purposes of site-specific land
use planning or site-specific hazard, geologic, or geotechnical evaluations. Although the
digital form of the data removes the constraint imposed by the scale of the original data,
the detail and accuracy issues inherent in map scale limitations are also present in the
digital data. This report is preliminary and has not been reviewed for conformity with
editorial standards.
The TNC and the University of Arkansas do not guarantee the precision or accuracy of
project and field exploration locations, any data contained, or any entries in the database.
Reliance on existing studies implies that the quality of the data is varied. The user
accepts these data with all faults, and assumes all responsibility for use thereof, and
agrees to hold the KROW harmless from and against any damage, loss, or liability arising
from any use of these data. Use of data requires acknowledgement and citation of
KROW on all printed or digital precuts that have made use of these data.
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CONCLUSION
This thesis takes past karst documentation and maps, sets up a standardized
comprehensive GIS data integration system, developed a multifaceted karst database
representing karst areas and references, produced global and continental scale karst maps
at a higher spatial resolution with greater implications for land-use and management
decisions, and used GIS spatial distribution analyses to calculate continental scale
distribution areas of evaporite karst, carbonate karst, and pseudokarst. This work
provides a reference for distribution of karst areas, creates a framework for the allocation
of conservation resources globally, and provides a broad context within which to evaluate
regional-scale conservation priorities.
The useful tool that has been created that could be used to study the environmental and
historical relevance of karst. By using the KROW Maps and database insight on the age,
controls and the situational hydraulics in karst development could be refined.
Considerations for the amount of rain an area receives per year, the time of formation,
geology, and other environmental aspects could be related to the KROWD to decipher
karst distributions.
The KROW maps and datasets mark a karst mapping program that has taken full
advantage of new and past data and analytical methods to further advance our
understanding global karst distribution. While this collection of data was sufficient for
the analysis performed in this project, the database can be expanded to include more
detailed information such as spatial patterns in biodiversity, know species distributions,
ranges of species, and biogeographic regions or ecoregions. Future versions may provide
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the opportunity to include feature descriptions, comments, photos, as well as allow a user
to add new feature classes to the database or store new shapefiles within the file structure.
In summary, this study produced new karst distribution data that classified carbonate
karst, evaporite karst, and pseudokarst on a global scale. It was found that including past
karst research in a digital GIS format increased mapping accuracy

Recommendations for Future Work
Although the project in its current form has demonstrated the value of a detailed data
compilation within the framework of global and regional scientific investigations, the full
range of the approach to geospatial data has been explored modestly. We recognize
several additional areas in which this work could be expanded to the greater benefit of
current and future users:
1) Expanding the existing geologic data compilation, both spatially and thematically, to
achieve spatially continuity on a global scale by incorporate geospatial data types not
part of our current data model into the relational database structure.
a) Integrating the U.S. Geological Survey’s World Petroleum Assessment conducted
by the USGS World Energy Assessment Team. This report addresses oil, gas,
and natural gas liquid deposits outside of the United States and by doing so
provides a digital dataset for bedrock and surfical geology for most of the world.
They have delineated geologic contacts and thematically depicted generalized
geologic age. The coverages include polygons and polygons labels that represent
generalized geologic age of surface outcrops and bedrock of Africa, Asia,
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Caribbean, Europe, North America, Svalbard, South America, Russia, India, and
many other parts of the world. This data has been incorporated for areas of South
America, the Caribbean, Africa, and North America, but it is suggested to further
the distribution knowledge of karst by incorporating the rest of the data for the
world. These reports can be found on line or in the files accompanying this
thesis.
b) It is also suggested for the region of Africa to incorporate the Multipurpose
Africover Databases on Environmental resources (MADE) data found at
http://www.africover.org/index.htm. This data set has remotely sensed data for
the natural resources of Africa (and 9 other countries) produced as 1; 200,000
scale maps. The data has been accessed through a contact at The Nature
Conservancy African program that is collaborating with the U.S.G.S. to model
ecosystems across Africa.
c) The evaporite and pseudokarst of the Asian countries is lacking documentation
and delineation in the KROW maps and datasets. Recently, through written
communication with Elery Hamilton-Smith, a map and descriptions of carbonate,
evaporite, and pseudokarst for this area were received. The map, Karst Areas of
the Asian Countries, documents the distribution of limestone karst, Subjacent
rocksalt karst, and gypsum karst. It would be valuable to integrate this map and
further investigate the salt karst of Thailand, the pseudokarst of Southern
Vietnam, the Philippines, and Indonesia, and if there are any systematically
mapped areas of gypsum karst.
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2) It is also suggested to expand how users, both members of the project team and the
broader public, can view, query, and analyze the karst data within this database for
scientific, engineering, and educational applications, emphasizing web-accessed mapbased interfaces. This process would be aided by the development of a systematized
approach for data delivery and storage. Maintaining the data digitally will ensure that
the information can be easily shared, or protected, as needed. It could also facilitate
future digital database maintenance.
3) To create the most powerful and effective ecosystem and biodiversity conservation
assessment it is suggested to integrate the TNC Subterranean Biodiversity working
groups’ data into the KROW geodatabase. This will allow for the integration of
disparate sources of biological and environmental data and the ranking, delineation,
quantification, and protection of the known distribution of the world’s subterranean
animals. When this step has been accomplished, it is suggested to create new KROW
products for distribution to all karst’ stakeholders.
4) Communication and collaboration with karst researchers and scientist has provided
useful advices and ideas that have bettered this project. In the eyes of the author,
KROW would benefit from the continued collaboration of all karsts’ stakeholders.
Although these future plans would expand the value of detailed karst information, the
current costs of the present efforts are quite high and time intensive. Ultimately, the
value of KROW’s detailed karst maps would increase if any of these suggested
recommendations were accomplished. But, in the eyes of the author, the value of KROW
would benefit the most by tying the database with detailed biodiversity information. This
would yield a new product that addresses a wider array of important karst topics.
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